Objective: To analyze and compare HIV-1 env sequences from the eye to those from the blood of individuals with uveitis attributed to HIV with the goal of gaining insight into the pathogenesis of HIV-associated eye disease.
Introduction
Genetic diversification of HIV-1 allows for immune escape and therefore is essential in the pathogenesis of HIV disease [1] . Genetic 'compartmentalization' defined as limited gene interchange between tissues has been documented between HIV in the blood and cerebral spinal fluid, male genital track specimens [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , and, variably, the female genital tract [12] [13] [14] . Several reports suggest that HIV within these tissues may have diminished exposure to antiretrovirals [15] [16] [17] , which could promote selection of drug-resistant viruses that may disseminate to other tissues [18, 19] .
The uvea within the eye is an immune-privileged site similar to central nervous system and possesses a bloodocular barrier analogous to brain-blood barrier [20] [21] [22] . Previous studies have shown that HIV could be recovered from multiple ocular tissues, such as the retina, conjunctiva, cornea, and iris of patients with AIDS [23, 24] . We documented the presence of intraocular HIV RNA in 32% of consecutive HIV-infected patients with intraocular inflammation. The quantity of HIV RNA in the aqueous humor was positively associated with that in plasma among antiretroviral-naive individuals [25] , with occasional patients having higher intraocular than plasma concentrations [25] [26] [27] . In instances of uveitis with a positive ocular-to-plasma HIV RNA ratio, we hypothesized that HIV was replicating in the uvea. However, it was unclear whether the inflammatory process would promote interchange of virus between the aqueous fluid and blood plasma, or if the blood-eye barrier would limit gene flow and result in compartmentalization of ocular viruses [27] .
To gain insight into the pathogenesis of HIV-associated uveitis, HIV RNA sequences were derived from contemporaneously collected aqueous humor and blood plasma of individuals with uveitis with elevated intraocular-to-plasma HIV RNA ratios. Sequences representing the major variants in the quasispecies from each person's tissues were compared for genetic diversity; predicted N-linked-glycosylation sites (PNLGS), C-X-C chemokine receptor type 4 (CXCR4) and C-C chemokine receptor type 5 (CCR5) coreceptor usage and viral compartmentalization.
Methods

Study population
HIV-infected patients with unilateral or bilateral uveitis from the Uveitis Clinic of Chiang Mai University Hospital were invited to participate in the study as approved by the Ethics Committee. Available specimens were selected for this analysis based on the patient having a positive aqueous humor to blood plasma HIV RNA ratio, negative tests for ocular opportunistic infections, and improvement of uveitis with initiation of antiretroviral therapy (ART) [25, 26] .
HIV RNA quantification and single-genome amplification Plasma and aqueous humor samples from one eye were collected and HIV RNA quantified using the COBAS AmpliPrep/COBAS Taqman HIV-1 Test (Roche Molecular Systems, Inc., Branchburg, New Jersey, USA) [25] . Data assembly and analyses Geneious version 6.1.3 (Biomatters, Auckland, New Zealand) was used to assemble sequence data files, align patients' sequences, and create generalized time reversible maximum-likelihood phylogenetic trees [28, 29] . Sequence assemblies with large deletions or containing more than a single mixed nucleotide were omitted from further analysis.
The number of PNLGS in plasma and aqueous humor sequences was assessed using the N-GLYCOSITE program [30] . HIV coreceptor usage and subtype were determined using Geno2Pheno [31] . Genetic diversity and divergence from an imputed most recent common ancestor of infection (MRCA) were calculated using DIVEIN [32] . Evolutionary relationships between plasma and aqueous humor HIV were examined using two treebased methods: the Critchlow correlation coefficient rb compares the number of nodes within and between tissues [33] and Slatkin and Maddison [34] assess deviation from normality in the distribution of sequences over a predicted tree structure; three distance-based methods: the Critchlow correlation coefficient r compares genetic distances within and between tissues [33] , nearest neighbor (S nn ) compares genetic distances of sequences within and between tissues independent of phylogeny [35] , and Fixation index measures genetic variance as a function of population structure (F ST ) [36] using the HyPhy version 2.2.4 (UCSD, San Diego, California, USA) [37] .
Nucleotide sequence accession numbers
The HIV env sequences determined in this study were deposited in GenBank under accession numbers KY508809-KY508960.
Results
Specimens were analyzed from five out of six HIVinfected patients with uveitis negative for intraocular copathogens that did not respond to topical ocular corticosteroids but improved on initial ART, and whose ocular-to-plasma HIV RNA ratios were more than 1 [26] . The mean HIV RNA load in the aqueous humor was 6.95 log 10 copies/ml, which was on average 1.7 log 10 copies/ml higher compared with the mean plasma load of 5.19 (P ¼ 0.012) ( Table 1 ). The median CD4 þ cell count was 249 cells/ml (range 5-342). The median duration of uveitis was 12 months but varied across patients, with symptoms lasting from 1 to 24 months prior to collection of aqueous humor specimens.
A median of 20 (range 13-22) HIV C2-V5 env sequences were generated by SGA from each patient's blood plasma and a median of 15 (range 9-18) from each patient's aqueous humor. The HIV subtype was CRF01_AE by pol genotyping in all five individuals (Table 1) . However, the C2-V5 env sequences revealed two patients with AE/B recombinant subtypes (Table 1 , Patients 2 and 3), whereas the others were concordant for AE in both env and pol.
The coreceptor usage was homogenous or nearly so in the aqueous humor specimens of all five patients, with CXCR4-usage observed in two patients' sequences the plasma had CXCR4 coreceptor usage detected in four of the five patients (Table 1) . Glycosylation sequence motifs (N-X-[S or T]) were observed at multiple sites within C2-V5, but the mean prevalence was comparable in aqueous humor (9.1, 11.9, 9.1, 10.8, 11.2) and plasma (10.8, 11.4, 11.8, 11.3, 10. 3) sequences (Table 1) .
Aqueous humor viruses were compartmentalized from the plasma variants as indicated by the phylogenetic tree of each patients's HIV C2-V5 env SGA sequences (Fig.1) ; and multiple statistical analysis (two tree-based and three distance-based methods) (data not shown), with all comparisons remaining statistically significant after Bonferroni correction.
The mean genetic diversity of each patient's aqueous humor sequences (2.7, 5.5, 3.7, 0.3, and 3.3%) was lower HIV env characteristic in uveitis Williams-Wietzikoski et al. 1827 Table 1 compared with those of their blood (11.3, 10, 6, 7.5, and 10.7%) (P < 0.001) ( Supplementary Fig. 1a , http://links. lww.com/QAD/B112). The divergence of aqueous humor and plasma sequences from imputed MRCA within each patient was comparable in four of five patients, with patient 5 having a more divergent aqueous humor population (P < 0.001) ( Supplementary Fig. 1b , http://links.lww.com/QAD/B112).
Discussion
The eye, similar to the brain, possesses a blood-ocular barrier that generally limits immune activation in the ocular tissues [20] [21] [22] . Whether HIV infection of the eye mirrors that of the brain, with genetically distinct HIV variants that utilize the CCR5 coreceptor and forms a distinct viral compartment from the blood [22] , or whether viruses in the eye are in perpetual interchange with variants in the blood, has not been investigated.
The current study of five HIV-infected patients with uveitis found that viral sequences from the aqueous humor were less genetically diverse compared with those in plasma in each patient and were compartmentalized from those derived from the plasma. The relatively low diversities of aqueous humor sequences suggest that a limited subset of each individual's viral quasispecies entered their eye. The divergence of aqueous humor sequences from the individual patient's MRCA was similar to plasma viruses in all but one patient, which in this cross-sectional study does not allow us to ascertain when the eye first became infected.
The similar frequencies of viruses predicted to use the CXCR4 coreceptor and with PNLGS across the plasma and aqueous humor specimens indicate that HIV coreceptor usage and HIV-specific humoral immune responses were unlikely to have had a discriminating role between the plasma and ocular viruses. The observation of homogenous HIV coreceptor usage within each patient's aqueous humor, in contrast to heterogeneous mixtures of CXCR4 or CCR5 viruses across the patients' plasma specimens, likely reflects the limited size of the eye's founder virus population. The observation of both CXCR4 and CCR5 viruses in the aqueous humor specimens is similar to other findings that show virus isolated from the brain can use CCR5, CXCR4, or both coreceptors [39] . Although our sample size was limited, it appears that coreceptor usage of aqueous humor viruses correlates with the prevalent plasma variants suggests that uveitis may result from a vascular accident or inflammatory infiltration of lymphocytes rather than infection of an existing niche resident cell within the eye.
The variable time span between the onset of uveitis and the cross-sectional sampling of aqueous humor and blood plasma specimens are weaknesses of this study that limit our ability to evaluate the evolution of virus in the eye. Longitudinal sampling of both aqueous humor and blood could provide additional data to confirm or refute persistent compartmentalization between the virus in the aqueous humor and blood. Although only a single viral variant appears to have passed into the aqueous humor of some patients (e.g. patients 1, 3, and 4), serial samples could reveal if others (e.g. patients 2 and 5) had multiple episodes of gene flow, which would suggest a range of compromise to the blood-ocular barrier.
In summary, our detection of aqueous humor HIV RNA with rather limited genetic diversity and high-level of compartmentalization from the blood plasma viruses suggests that a limited subset of each patient's HIV quasispecies entered the eye, and that the duration of rampant virus replication was limited in duration compared with the blood. Precisely, when and how often the eye was seeded with virus is not clear from our studies, as no pathogens except HIV were detected across multiple PCR assays [26] . However, given that timeordered evolution is typical of untreated HIV infection [38] , the observation that most patients' aqueous humor viruses were not on the 'tips' of the phylogenetic trees suggests that their eye was seeded with a variant that evolved earlier during infection, preceding the onset of uveitis. Given the high aqueous humor HIV RNA load, with little viral diversity in each case, and that uveitis symptoms improved with initiation of ART, we speculate that dysfunctional HIV-specific immune response in the aqueous humor may have caused the uveitis. Although uveitis symptoms improved with ART [26] , we did not ascertain whether HIV replication was suppressed in the eye. Whether the eye has the potential to serve as 'viral sanctuary' separate from other central nervous system tissues, protected from HIV-specific immune control or from certain antiretrovirals is not known and requires further study as part of efforts to cure HIV infection.
